The kinetics of rabbit muscle pyruvate kinase were studied in assays at pH 7.4, where the relationships between the initial velocities of the catalysed reaction and the concentrations of substrates ADP, phosphoenolpyruvate and Mg2+ are non-hyperbolic. The data were used to test the applicability of the exponential model for a regulatory enzyme, which has been here extended to describe the behaviour of a three-substrate enzyme. It appears that the data can be represented by the model and as a result permit the conclusion that the substrates influence one another's binding by the same type of charge interactions that are evident in the Michaelis-Menten kinetics of the enzyme observed at pH 6.2. Evidence is also presented indicating that MgADP acts as a dead-end inhibitor of the enzyme at pH 7.4.
The glycolytic enzyme pyruvate kinase (EC 2.7.1.40) is found in mammalian tissues in a variety of isoenzymic forms. Allosteric control of enzyme activity for the L-, R-and M2-type isoenzymes has been well characterized (Hall & Cottam, 1978; Seubert & Schoner, 1971; Kayne, 1973) . These enzymes display a sigmoidal relationship between the initial velocity of pyruvate formation and the concentration of phosphoenolpyruvate, are allosterically activated by fructose 1,6-bisphosphate and H+, and are inhibited by ATP (Hall & Cottam, 1978) . It is only recently that similar regulatory properties have been observed with the M1-isoenzyme from rabbit skeletal muscle. The activity of this isoenzyme is unaffected by fructose bisphosphate at pH6.2; however, activation is observed when the pH is raised, and it was found that the rate is maximally enhanced, by 2.55-fold, at pH 7.4. At this pH, the initial velocity is sigmoidally related to the concentrations of both ADP and Mg2+ and to the concentration of K+ when 10mM-fructose bisphosphate is also present; in contrast, the initial velocity appears to be a hyperbolic function of phosphoenolpyruvate concentration (Phillips & Ainsworth, 1977; .
These observations established that the regulatory properties of the Ml-type isoenzyme are different from those of the L-, R-and M2-type isoenzymes. The purpose of the present paper is twofold: first, to present the results of a more detailed investigation of the influence of three substrate concentrations on the initial velocity of reaction catalysed by the rabbit muscle enzyme; secondly, to investigate whether the exponential model for a regulatory enzyme (Ainsworth, 1977) can be extended to describe the effect of these concentrations on the rate. A subsidiary aim here has been to ascertain whether the two-substrate model (Ainsworth & Gregory, 1978) , applied to rate data obtained with one substrate concentration kept constant, preserves information that is consistent with that provided by the more appropriate three-substrate model.
Theory
General description ofthe exponential model Initial-rate and product-inhibition studies of the forward reaction of pyruvate kinase are consistent with an equilibrium random-order mechanism (Reynard et al., 1961; Giles et al., 1976) . Consequently, the initial velocity of reaction can be represented by: V = VG.PA.PB.PC (1) where PA' PB and Pc represent the fractional saturation of the enzyme by the substrates A (ADP), B (phosphoenolpyruvate) and C (Mg2+) respectively, and VG is the velocity measured in the presence of saturating concentrations of all three substrates. (K+, which is an obligatory activator, is present throughout at a saturating concentration.) Data in the present paper show, however, that each substrate binds non-hyperbolically at pH7.4 in the substrates. An interpretation of this behaviour is attempted by extending the exponential model for a regulatory enzyme (Ainsworth, 1977; Ainsworth & Gregory, 1978 (Wyman, 1964 (Kinderlerer et al., 1981; Ainsworth et al., 1981a,b (Ainsworth, 1979) , during which Zc = 0 and the direct influence of A on the binding of B is then prevented. Eqn. (11) also demonstrates that, when either PA orPB equals 0 or 1, AOB = 0, and no interaction between A and B is to be expected; in general, then, saturation by one ligand reduces an n-ligand problem to n-1, and it is on these grounds that the influence of K+ concentration on our data is ignored.
Dead-end inhibition Phillips & Ainsworth (1977) have shown that the function v = f[ADPI displays a maximum, which becomes more marked and which moves to lower ADP concentrations as the concentration of Mg2+ is increased. Similar findings are reported below. This behaviour cannot be explained by the exponential model for two substrates. The model does predict a maximum in v = f(A), the concentration of C being kept constant (Ainsworth & Gregory, 1978) , when:
(1-Pc)-
However, the maxima become less obvious, and eventually disappear as C increases, because the rate equation simultaneously approaches the single-substrate form. In addition, it has been shown that the maxima generated by the two-substrate exponential model usually move to higher values of A as the concentration of C increases (Gregory, 1980 in 3.2M-(NH4)2SO41 were supplied by Boehringer Corp., Lewes, East Sussex, U.K. Lactate dehydrogenase (type XI; freeze-dried salt-free powder) and N-ethylmorpholine were obtained from Sigma Chemical Co., Kingston-upon-Thames, Surrey, U.K. Tetrapropylammonium hydroxide was obtained from Eastman-Kodak Co., Rochester, NY, U.S.A. All other reagents were either AnalaR or reagent grade as supplied by BDH Chemicals, Poole, Dorset, U.K., or Fisons Scientific Apparatus, Loughborough, Leics., U.K.
Preparation ofmaterials
Buffer solutions were prepared by titrating Nethylmorpholine with HCI to the desired pH value. Stock solutions of ADP were adjusted to pH7.0 with 10% tetrapropylammonium hydroxide. The purity and concentration of the substrates was determined enzymically and by direct absorption measurements as described by and . Pyruvate kinase was prepared as described previously .
Enzyme assays
Reaction mixtures were prepared on the assumption that the true substrates of the pyruvate kinase reaction are free Mg2+ and the Mg2+-free species of ADP and phosphoenolpyruvate Macfarlane et al., 1974; Phillips & Ainsworth, 1977) . The apparent dissociation constants for the binding of Mg2+ by ADP and phosphoenolpyruvate have been given by Gregory & Ainsworth (198 1) .
Pyruvate kinase activity was measured by using the continuous lactate dehydrogenase coupled assay (Biicher & Pfleiderer, 1955 250C . The specific activity of the enzyme was determined as described by Phillips & Ainsworth (1977) .
Computer analysis ofdata
The analysis of data was based on the unconstrained version of 'PAPB' (Kinderlerer et al., 1981 Vcalc. (Kinderlerer et al., 1981; Ainsworth et al., 198 la) . Tables 2 and 3 report these errors in modified forms, thus RSS = v/27i and MD% = I00V7i, where n is the number of observations. The programs exist in two-substrate and three-substrate forms, and listings can be obtained from the authors. Note that 'DESCENT' has the considerable advantage of not requiring the constraints that were necessary in earlier analytical procedures (Kinderlerer et al., 1981) . Tests of both two-substrate and three-substrate 'DESCENT' programs have shown that they provide highly accurate fits to artificial, error-free, data.
Results
The data points illustrated in Fig. 1 (1977) and from the two maxima, shown in Fig. 1 , which appear at (A,B,C) co-ordinates of (3,0.2,0.5) and (2,0.2,1.0). Fig. 2 which the product A *C was not greater than 0.5 mM2. The constants of this fit are given in (18) gives aD/Kl = 0.1 mM-2.
All 36 points are illustrated in Fig. 1 superimposed on curves, vp,ot = f(A), given by the relationship:
The agreement between the observed points and the plotted curves is good, considering the empirical nature of the approach, and we have therefore employed 0.1 mM-2 as the correction factor applied to all the points appearing in Figs. 4 Table 2 gives two-substrate and three-substrate exponential model constants for data points corrected for dead-end inhibition as described in the preceding subsection. Table 3 gives corresponding estimates of the constants when uncorrected data points are employed but when the 11 points with A * C>0.5mM2 are omitted. Figs. 4-9 illustrate the fits obtained when the plotted curves are calculated from the constants described as estimate 1 in Table 2 . Note that the starting point for estimate 1 (Table  2 ) was in fact a stage reached during the development of the 'DESCENT' program, the original start not having been recorded. All the remaining starting estimates are as shown.
The values of the constants in Tables 2 and 3 are given to a precision consistent with the stated error: thus it should be noted that rounding-off the constants to accuracies more appropriate to their reproducibility would considerably increase the magnitude of the corresponding errors.
Discussion

Mechanism
The conclusion that rabbit muscle pyruvate kinase has an equilibrium random-order mechanism, referred to above, has been questioned by Dann & 2-5) with the constants given as estimate 1 in Table  2 . Other conditions were as described in the legend to Britton (1978) , who have shown in studies at pH 8.5 that, although the mechanism is random order, in one pathway phosphoenolpyruvate adds to the enzyme in a rate-limiting step. If this finding also applies at pH7.4, it must indicate that eqn. (1) cannot be strictly valid. Accepting that hypothesis, it is nevertheless the case that the observed kinetic behaviour of a branched reaction only departs from that required by an equilibrium random-order mechanism when the rate constants of the reaction have unusual values (King, 1956; Cleland & Wratten, 1969; Endrenyi et al., 1971; Pettersson, 1972) . Since that departure was not observed in the previous work, eqn. (1) may still be approximately true and its use may be allowed in the description of the allosteric kinetics of pyruvate kinase (Ainsworth etal., 1981b) .
Dead-end inhibition
The observation of dead-end inhibition reported in the present paper and by Phillips & Ainsworth (1977) in studies conducted at pH 7.4 can be contrasted with corresponding studies at pH 6.2 by , where inhibition was not found. Granted the existence of a second nucleotide-binding site, the probable reason for this discrepancy lies in the change of pH. Because the substrates of pyruvate kinase are treated as free Mg2+ and Mg2+-free ADP , the increase in affinity of ADP for Mg2+ that occurs with increasing pH (Phillips et al., 1966) also increases the proportion of total nucleotide that is present as MgADP when any given concentration of the free substrate is established. This effect must enhance the likelihood of inhibition, and it may be noted that Jansen & Cleland (1974) have also observed dead-end inhibition of muscle pyruvate kinase by ADP at pH 7. The proposal that inhibition is caused by the metal-ion-bound nucleotide is supported by the experiment in which Mn2+ was used instead of Mg2+ as the activating bivalent cation. The MnADP complex is characterized by a dissociation constant of 7.30 x 1O-M, compared with 6.74 x 10-4M for the MgADP complex, at pH 7.4 (Macfarlane et al., 1974) , and for that reason should be a more potent inhibitor of pyruvate kinase. Examination of Fig. 3 shows this to be so.
Two-substrate exponential model constants
The three-substrate exponential model constants demonstrate that all three substrates are interactive both between themselves and each other. Data insufficient data, where the more appropriate model could not be employed. The error parameters of the two-substrate solutions given in Tables 2 and 3 demonstrate at once that the fits to individual data sets are considerably better than the overall fit provided by the three-substrate model, and indeed evidence of systematic error, such as that which can be observed in Figs. 4-9 , is absent from corresponding plots that use the two-substrate constants. The observation is not surprising, because the twosubstrate solutions employ a total of 18 constants, against the 10 required by the three-substrate model. Nevertheless, the demonstration that good empirical fits can be obtained by the simpler model means that it can be employed in the first instance to examine the internal consistency of non-hyperbolic v = f(X, Y)z data points. An additional advantage of the two-substrate solutions is that they indicate the net effect, as observed by eye, of what may be confusing interactions in the three-substrate model. Thus it is evident that A and C display positive homotropic interactions [v = f(A,B) and v = f(B,C)] and that much of these effects may be due to heterotropic interaction between each other [v = f(A,C)I. These observations accord with the curve shapes and with conclusions that can be drawn from the three-substrate solution. Again, B usually appears to display negative homotropic interaction. The values of the constants indicate, however, that the only certain cause of this behaviour is a negative heterotropic interaction between A and B. As this feature is also found in the three-substrate solution, it must be regarded as fundamental. The homotropic interaction of B is equivocal, both positive and negative values being ascribed to the constant kBB. But, again, this behaviour runs through the three-substrate solution, and there is the indication that the smaller values (having regard to sign) tend to be associated with comparably high values of VG, the change in one constant compensating for change in the other.
This analysis appears to show that a worthwhile amount of information is retained in the twosubstrate solution to a three-substrate problem. The simpler model can therefore be employed as an adjunct, to preserve the advantages noted above, or alone when necessity dictates. Three-substrate exponential model constants Table 2 gives two solutions to data v = f(A,B,C), corrected for dead-end inhibition; Table 3 in experiments conducted at pH 6.2. The marked difference, for Mg2+, is consistent with the expected ionic mode of binding, which should be facilitated as the pH rises. The maximum velocity of 626pM/min per mg corresponds to a value of 617 s51, assuming that pyruvate kinase has a molecular weight of 237000 (Warner, 1958) with four active sites per molecule (Stammers & Muirhead, 1975 ).
This can be compared with 540s-1 that can be calculated from the value of 1/0o given by , and is consistent with the way in which the enzyme activity was standardized at the two pH values (Phillips & Ainsworth, 1977 Table 4 . Examination of the Table reveals a noteworthy consistency of behaviour of the enzyme, which spans the change in pH and the transition from MichaelisMenten to 'non-hyperbolic' behaviour. The original interpretation of the Kx/Kyx values was that they reflected charge attractions and repulsions between the substrates at the active site, thus enhancing or decreasing their relative affinities for the enzyme. The idea of charge interaction can be taken over here, and is consistent with the uniformly negative homotropic interactions that are observed: the homotropic interactions make it clear, however, that the charges must influence one another between the active sites, in addition to their mutual effects within one site.
These rather simple interpretations of the interaction constants should not obscure the more complicated consequences that arise from the indirect path of interaction suggested by eqn. (11). For example, the immediately negative interaction of A and B is counteracted by a positive interaction, kACkcBObc, whose relative efficacy depends on the fractional saturation of the enzyme by C. The physical origins of the indirect path are clearly charge attractions, and it may be that their effects can be observed in Figs. 4 and 5. Thus it appears that the curves in Fig. 4 become more obviously sigmoidal functions of A as B rises, and that the 'premature' flattening of v = f(B), shown in Fig. 5 , becomes less marked as A increases.
The actual values of the interaction constants reveal apparent interaction free energies in the range -8.1 to +5.OkJ/mol (-1.94 to +1.2kcal/mol), values that are comparable with those estimated for other co-operative protein systems (Weber, 1975) .
This description of the allosteric properties of rabbit muscle pyruvate kinase in terms of the exponential model has established a consistency of behaviour with the equilibrium random-order kinetics observed at pH 6.2. The agreement supports the use of the exponential model as a relatively simple means of rationalizing complex results, and it should be noted that the description requires only two constants more than the eight employed by the Michaelis-Menten treatment.
